REVIEWS
Introduction
As human life expectancy continues to increase, neurodegenerative diseases are Philadelphia, PA USA increasing in prevalence, posing a clear and present danger to public health worldwide. 1 Thus novel treatments and therapeutic interventions are desperately needed. These truly disastrous disorders include Alzheimer disease, Huntington disease, Parkinson disease and amyotrophic lateral sclerosis (ALS). Although these are very different diseases-some affecting memory but sparing movement, others robbing movement while preserving cognitive function-many of them share a common theme in the accumulation of insoluble protein aggregates in the brain. [2] [3] [4] Many of the proteins found aggregated in pathological inclusions (e.g., Aβ, α-synuclein, polyglutamine, prion protein) are expressed broadly, [5] [6] [7] [8] [9] [10] some even ubiquitously, yet they seem to only aggregate in certain neurons and not others. Moreover, although protein aggregation defines neurodegenerative diseases broadly, there is also remarkable cell type specificity. 11 For example, dopaminergic neurons are preferentially affected in Parkinson disease, whereas striatal neurons are primarily affected in Huntington disease and motor neurons are selectively lost in ALS. Therefore, an in depth understanding of the molecular and cell biological underpinnings of protein inclusions and the cellular pathways with which the aggregated proteins interact normally as well as during pathogenesis will provide critical insight into disease mechanisms.
RNA-binding proteins with prion-like domains in ALS and FTLD-U
In this review, we discuss the emerging role of two RNA-binding proteins, TDP-43 and FUS/TLS, in ALS and highlight our recent studies to elucidate mechanisms of aggregation and toxicity. These studies have allowed us to define TDP-43 aggregation was a cause or consequence of neurodegeneration associated with ALS. It was questioned if TDP-43 was a bona fide disease protein or perhaps just a marker of disease. 39 Thus, it was a true breakthrough when five independent groups reported the identification of TDP-43 mutations in sporadic and familial ALS patients. [40] [41] [42] [43] [44] In one fell swoop, a connection between genetics and pathology became apparent and TDP-43 joined the ranks of t, α-synuclein, Aβ, prion protein (PrP) and polyglutamine as a truly important human neurodegenerative disease protein. Indeed, a new disease classification was born: the TDP-43 proteinopathy. 45 TDP-43 is a highly conserved, ubiquitously expressed protein, initially identified by virtue of its ability to bind the HIV-1 TAR DNA element and act as a transcriptional repressor. 46 In addition to a glycinerich C-terminal region, TDP-43 contains two RNA recognition motifs (RRM1 and RRM2) and is able to bind UG-repeats in RNA. 47, 48 Some reports suggest TDP-43 might play a role in regulating splicing, 49 while others propose it can act as a kind of bridge for nuclear bodies via an interaction with the survival motor neuron (SMN) protein. 50 Mouse knockouts of TDP-43 result in very early embryonic lethality 51, 52 and knockdown of TDP-43 function by siRNA in human cell culture results in defects in nuclear shape, cell cycle abnormalities and apoptosis, owing to a failure to effectively repress transcription of cyclin-dependent kinase 6. 53 Nothing is known about how one or more of these functions or perhaps a pathological gainof-function might contribute to disease.
TDP-43 Proteinopathies: A Molecular Link Between Diverse Neurodegenerative Diseases
The identification of TDP-43 in ALS and FTLD-U, not only ushered in a new research field (TDP-43 neurodegenerative proteinopathies), but also provided the long sought after molecular link between these two diseases. Interestingly, though traditionally considered a motor neuron disease, some patients with ALS can also exhibit symptoms of FTLD and the cytoplasmic ubiquitinated inclusions harboring mutations in SOD1 are characterized by cytotoxic SOD1 aggregates that are ubiquitin-positive 22 and transgenic mouse models expressing mutant SOD1 have provided enormous insight into disease mechanisms. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] However, neurons of non-SOD1 ALS patients contain ubiquitin-positive inclusions that are SOD1-negative, 33 suggesting the presence of additional pathological protein(s). Therefore, the recent identification of TDP-43 as a major component of these inclusions in non-SOD1 sporadic and familial ALS has opened up a completely new area of focus for ALS research.
TDP-43 is the Major Disease Protein in FTLD-U and ALS
Though mutations in several genes, including progranulin (PGRN), have been linked to FTLD-U, the identity of the major protein(s) in these inclusions remained elusive. Biochemical and immunohistochemical approaches were used to raise mAbs against the insoluble high-molecular weight material from FTLD-U disease brains. 34 These novel antibodies were then used to identify and subsequently purify the antigen, which was revealed to be the TAR-DNA-binding protein 43 (TDP-43). 35 TDP-43 was confirmed to be the major disease protein because TDP-43-specific monoclonal antibodies marked FTLD-U inclusions and a TDP-43 biochemical disease "signature" was present in FTLD-U and ALS, but not control brains. This signature included truncated, hyperphosphorylated and ubiquitinated TDP-43. Interestingly, while TDP-43 is normally a nuclear protein, pathological inclusions contained predominantly cytoplasmic TDP-43 aggregates, suggesting that altered subcellular localization is important for disease pathogenesis. However, whether this is because of loss of nuclear function, a gain of toxic function or some combination of both remains to be determined.
TDP-43 Mutations Linked to ALS
Despite the widespread TDP-43 pathology seen in nearly every non-SOD1 ALS case, [35] [36] [37] [38] it was still unclear whether key similarities and differences between TDP-43 and FUS/TLS, which will likely be of therapeutic significance and have led to the discovery of a common genetic risk factor for ALS.
Frontotemporal Lobar Degeneration and Amyotrophic Lateral Sclerosis (ALS)
Frontotemporal lobar degeneration (FTLD) is the second leading cause of dementia in people under 65, exceeded by only Alzheimer disease. 12 FTD is characterized by severe changes in personality and abnormal social behavior. 13 Motor defects have also been associated with FTLD.
14 FTLDs comprise a heterogeneous class consisting of several subtypes, based on pathological characteristics. 15, 16 Some forms lack ubiquitinated inclusions and others contain tau pathology. But the most common subtype is frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U). This subtype contains t-and α-synuclein-negative cytoplasmic inclusions. 17 Though mostly a sporadic disorder, several familial forms of FTLD-U have been linked to chromosomes 9 and 17 and recently, mutations in the gene encoding the secreted factor progranulin have been identified. 18, 19 Since progranulin protein is not part of the pathological inclusions, it suggested that there must be another disease protein associated with FTLD-U (see below).
Amyotrophic lateral sclerosis (ALS) is a devastating adult-onset neurodegenerative disease that wreaks havoc on motor neurons. A progressive and inexorably fatal muscle paralysis ensues, which typically causes death within 2-5 years of disease onset. ALS is mostly a sporadic disease (SALS) but approximately 10% of ALS cases are familial (FALS). Mutations in SOD1, the gene encoding Cu/Zn superoxide dismutase, have been identified in ~20% of FALS cases, 20 for an overall incidence of ~2%. Because of clinical similarities between SALS and FALS, it is likely that studying the FALS cases will provide insight into the more common SALS forms. 21 Indeed, a majority of the ALS research over the last 10-15 years has focused on SOD1. Neurons from patients from cell culture, flies, chicken embryos, mouse and rat. 42, [88] [89] [90] [91] [92] [93] Thus, ALS-linked mutations in TDP-43 might cause disease by a toxic gain-of-function mechanism. These studies show that the toxicity and aggregation properties of TDP-43 seen in human ALS patients are reflected in yeast. This indicates that the yeast genetics armamentarium can now be used to define mechanisms of TDP-43 toxicity by screening for genes that suppress or enhance its toxicity to yeast.
Yeast Genetic Screen Identifies Novel Genetic Risk Factor for ALS
We reasoned that if we could identify yeast genes that could suppress or enhance TDP-43 toxicity, it would provide insight into the specific cellular functions and pathways affected by TDP-43 aggregation. We performed two high-throughput genetic screens to define the cellular pathways that are affected by TDP-43 aggregation. We identified 41 potent modifiers of TDP-43 toxicity. These hits include RNAbinding proteins, kinases, phosphatases and other proteins, many with human homologs, which will hopefully provide new insight into TDP-43 aggregation and toxicity 74 (Gitler AD, unpublished) . One of the hits from these yeast TDP-43 toxicity genetic modifier screens was PBP1, which is the homolog of a human neurodegenerative disease protein, ataxin 2. We have validated this genetic interaction in the fly nervous system and used biochemistry to show TDP-43 and ataxin 2 physically associate in a manner that appears to depend on RNA in mammalian cells. 74 We also found that the ataxin 2 protein is mislocalized in ALS patient spinal cord neurons. Ataxin 2 is a polyglutamine (polyQ) disease protein.
The polyQ tract of ataxin 2 is normally 22 or 23 Qs and polyQ expansions >34 cause spinocerebellar ataxia 2 (SCA2).
Given the striking interactions between ataxin 2 and TDP-43, we hypothesized that polyQ expansions in ataxin 2, which were longer than normal but not long enough to cause SCA2, might be associated with ALS. We analyzed the ataxin 2 gene in 915 individuals with ALS and 980 healthy controls and, remarkably,
Yeast Studies Reveal Insight into TDP-43 Pathogenesis
We have been using the budding yeast, Saccaharomyces cerevisiae, as a model system to study TDP-43. We generated a yeast TDP-43 proteinopathy model, which recapitulated two key aspects of TDP-43 seen in disease: cytoplasmic aggregation and toxicity. We next used this yeast model to define the regions of TDP-43 that are sufficient and necessary for aggregation and toxicity. We discovered that the glycine-rich C-terminal domain of TDP-43 is absolutely required for aggregation and toxicity. 68 To this date, over 40 ALS-linked mutations in TDP-43 have been reported-all but one of them are located in the C-terminal domainunderscoring the power of the yeast model to predict key features of TDP-43, with direct relevance to human disease. Interestingly, the C-terminal domain was not sufficient for TDP-43 toxicity because an RNA-recognition motif was also required, indicating that RNA binding, in addition to aggregation, is a component of TDP-43 toxicity.
We next sought to determine the mechanism by which these ALS-linked TDP-43 mutations could contribute to disease. We combined the yeast model and in vitro biochemistry to analyze the effects of ALS-linked TDP-43 mutations on aggregation and toxicity. Some ALSlinked mutations (e.g., G294A) neither accelerated aggregation nor increased toxicity, 73 suggesting they might contribute to disease by affecting other pathways. Importantly, we discovered that some ALS-linked mutations (e.g., M337V and Q331K) can accelerate TDP-43 aggregation and increase toxicity, providing a mechanism by which they might cause disease. 73 These findings are reminiscent of the effects of Parkinson disease associated mutations in the α-synuclein gene. 85, 86 Importantly, we also validated our findings in a Drosophila TDP-43 model and found that the Q331K mutation in TDP-43, which is much more toxic than WT TDP-43 in yeast, is also more toxic in flies. 74 Several other laboratories have also seen similar effects of ALS-linked mutations on TDP-43 in diverse experimental systems ranging resemble those of FTLD-U.
14 Thus, the clinicopathological features of ALS and FTLD-U suggest perhaps a similar underlying pathogenic mechanism converging on TDP-43. Emerging evidence indicates TDP-43 might also play a broader role because ubiquitinated TDP-43-positive inclusions have also been found in a significant proportion of Alzheimer disease and inclusion body myopathy and Paget disease of bone cases.
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Can Yeast Teach Us About Neurodegenerative Diseases?
The baker's yeast Saccharomyces cerevisiae has emerged as a powerful model system to study the molecular mechanisms underpinning protein-misfolding diseases. 57 Admittedly, it seems like an unusual approach-studying a complicated brain disease using a single-celled microorganism. However, surviving cellular stresses caused by misfolded proteins is an ancient problem that all cells struggle with and many of the mechanisms employed to deal with protein misfolding are conserved from yeast to man. Hence, we and others have been using yeast cells to model the key cellular events associated with protein misfolding in human neurodegenerative diseases and to perform high-throughput genome-wide screens to elucidate the basic cellular mechanisms of neurodegeneration. While at first it may seem implausible that simple yeast cells can provide insight into mechanisms of complicated neurodegenerative disease, one should remember that almost everything we know today about cancer biology has, as its foundation, basic studies begun in yeast to define how the cell cycle and cell division are regulated. 81, 82 These yeast models provide a unique opportunity to observe and understand protein folding and misfolding in real time as it occurs in a living cell. Importantly, the discoveries made using yeast are not specific to yeast and there are several examples in which these have been extended and validated in animal models, 62, 67, 70, 83, 84 and even recently extended to human, identifying a novel genetic risk factor for ALS 74 (see below).
FUS is normally localized to the nucleus, but mutant FUS proteins associated with ALS accumulate in the cytoplasm of motor neurons of ALS patients. 101 Interestingly, these neurons do not have TDP-43 aggregates. 101 Many of the ALS linked mutations in FUS, cluster in the extreme C-terminal domain, which harbors a conserved PY-motif. This domain can function as a non-canonical nuclear localization signal (NLS) that is decoded by karyopherin beta2 (also called transportin 2 or importin 3), 111, 112 and ALS-linked mutations in this region can disrupt proper FUS nuclear localization. 87, 113 Certain ALS-linked mutations (e.g., P525L) seem to have more dramatic effects on FUS nuclear localization and result in more severe clinical phenotypes, suggesting a mechanism by which some FUS mutations might contribute to ALS.
Identifying Prion-Like Domains in TDP-43 and FUS
TDP-43 and FUS are both RNA-binding proteins that can aggregate in ALS and mutations in the genes encoding these proteins cause rare forms of ALS. In addition to sharing a role in ALS, they both harbor several key structural features. 110 Interestingly, using a bioinformatics approach, we and others recently discovered a novel "prion-like" domain in FUS and TDP-43 (reviewed in ref. 4, 114 and 115 and Fig. 1A) . Like prion domains found in yeast prion proteins (e.g., Sup35, Ure2 and Rnq1), this domain is enriched in uncharged polar amino acids (such as asparagine, glutamine and tyrosine) and glycine. 116, 117 Remarkably, by using this algorithm to score 27,879 human proteins, FUS and TDP-43 ranked 15th and 69th, respectively. The FUS prion-like domain is located in the N-terminal region of the protein (residues 1-239, with an additional region in the first RGG domain: residues 391-405), whereas the TDP-43 prion-like domain is at the C-terminal end (residues 277-414). 4 Notably, several other human RNA-binding proteins also contain predicted prion-like domains, raising the intriguing possibility that perhaps there will be additional aggregation-prone RNA-binding proteins bearing prion-like domains that can contribute to ALS or targets for therapy. Some of the additional 40 genes from this yeast TDP-43 toxicity modifier screen (Gitler AD, unpublished) will hopefully provide even more insight into TDP-43 pathogenesis and its role in ALS.
FUS, Another RNA-Binding Protein Implicated in ALS
Shortly following the identification of mutations in TDP-43 in ALS, two groups reported mutations in another gene, the FUS (fused in sarcoma) gene, in familial ALS patients. 100, 101 Additional mutations in FUS have recently been identified in sporadic ALS cases and in some rare FTLD-U cases. [102] [103] [104] [105] [106] [107] [108] [109] Intriguingly, FUS is also an RNA-binding protein with domain structure remarkably similar to that of TDP-43: FUS also has an RRM and a glycine-rich domain. The identification of two proteins with similar domain architecture whose mutation is associated with ALS poses an emerging concept that RNA metabolic pathways may play a major role in the pathogenesis of ALS. 110 this revealed a significant association of ataxin-2 intermediate-length polyQ tract expansions with ALS (27-33Q, 4.7% of cases, p = 3.6 x 10 -5 ). 74, 94 This connection between ataxin 2 polyQ expansions and risk for ALS is being validated in independent patient populations worldwide. [95] [96] [97] [98] [99] These studies suggest that ataxin 2 is a new and potentially common ALS susceptibility gene. Because inhibiting ataxin 2 function in yeast or fly reduces TDP-43 toxicity, we propose that the ataxin 2/ TDP-43 interaction could be a potential therapeutic target. Furthermore, these results also point to a similar molecular mechanism underpinning two seemingly distinct diseases-SCA2 and ALS. 99 Future studies will be aimed at defining the role of ataxin 2/TDP-43 interactions and the mechanism by which polyQ expansions in ataxin 2 contribute to ALS pathogenesis.
It is, perhaps, inspiring that from a seemingly simple yeast genetic screen we have identified the most common genetic risk factor for ALS discovered to date 74, 94 and by so doing, identified potential 73 We therefore used a similar approach to test if FUS is intrinsically prone to aggregation. We purified bacterially expressed recombinant FUS under native conditions. FUS aggregated extremely rapidly. Importantly, the aggregates formed by FUS did not react with the amyloid-diagnostic dye Thioflavin-T. Thus, pure FUS forms aggregates that are likely non-amyloid in nature, just like the aggregated species of FUS observed in ALS and FTLD-U patients. 45, 126, 127 We used electron microscopy (EM) to show that pure full-length FUS rapidly formed filamentous structures, which were strikingly similar to the FUS aggregates observed in the degenerating motor neurons of ALS patients (reviewed in refs. 121 and 128 and Fig. 1C) . We also observed small pore-shaped FUS oligomers that would cluster adjacent to the FUS filaments, reminiscent of the granular structures observed in association with filamentous FUS aggregates in motor neurons of ALS patients. 121, 128 Importantly, the domain requirements for the aggregation of pure FUS matched those defined in yeast. 77 Clearly, FUS is an intrinsically aggregation-prone protein capable of forming aggregated structures very similar to those observed in motor neurons of ALS patients.
ALS-Linked FUS Mutations Do Not Affect Aggregation or Toxicity
Another interesting difference we observed between TDP-43 and FUS in yeast is the effect of ALS-linked mutations. We have previously found that some ALS-linked TDP-43 mutations (e.g., features that were sufficient and necessary for FUS aggregation and toxicity in yeast. 77 We first performed a structure/function analysis to determine the domains of FUS that were required for aggregation and toxicity.
We generated a series of FUS truncations and expressed each of these constructs in yeast as YFP-fusions. We determined which FUS constructs aggregated and which were toxic (Fig. 1B) . For TDP-43, we have previously found that the C-terminal prion-like domain and an RNA recognition motif (RRM) are sufficient for toxicity 68 but for FUS, we found that the N-terminal prion-like domain and the RRM (amino acids 1-373) resulted in an entirely nuclear localized protein, which was not toxic. 77 Addition of the first RGG domain (to generate FUS amino acids 1-422) was sufficient to confer cytoplasmic aggregation and toxicity, albeit not as toxic as full-length FUS. Remarkably, the first RGG domain of FUS also contains a stretch that resembles a yeast prion domain, 4 opening the possibility that the two prion-like portions of FUS communicate to promote aggregation. 77 Having established the minimal region of FUS sufficient for aggregation and toxicity, we next sought to define the regions of FUS that were required. Deletion of portions of the N-terminal prion-like domain of FUS (amino acids 1-239) completely prevented aggregation. Thus, in contrast to TDP-43, which requires its C-terminal prion-like domain and a portion of RRM2 for aggregation and toxicity in yeast, 68 for FUS, the N-terminal prion domain, RRM and first RGG domain are required. 77 TDP-43 and FUS are both aggregation-prone RNA-binding proteins with similar structural and sequence features. However, our studies have defined several key differences, which will likely have important implications for the design of therapeutic strategies aimed at preventing or reversing aggregation. related disorders. However, in contrast to modular prion domains from known yeast prions, 118 a portion of the predicted prionlike domain of FUS (residues 1-167) when fused to "MC" of Sup35 does not appear to be sufficient to confer a heritable [PSI + ] prion phenotype in yeast. 79 However, this region of FUS does not aggregate in isolation in yeast and so perhaps this result was expected. 77 Indeed, it is more likely that the full N-terminal prion-like domain of FUS (residues 1-239) is needed, as well as determinants in the second prion-like region in the first RGG domain (residues 391-405). 4, 77 Regardless, the prion-like domains of TDP-43 and FUS appear to play critical roles in driving aggregation 68, 73, [77] [78] [79] 115 and toxicity, and are thus very likely to be relevant to disease pathogenesis. TDP-43 and FUS can now be added to the expanding list of neurodegenerative disease proteins with prionlike properties that may be important for pathogenesis, given the "prionoid" aggregation propensity of many proteins associated with human neurodegenerative disease. 119 Indeed, it is tempting to speculate that a prionoid might underpin the spread of pathology between contiguous regions of the brain and the involvement of multiple cell types in ALS.
114,120
Defining Domains of FUS Necessary and Sufficient for Aggregation and Toxicity in Yeast
In addition to defective localization of mutant FUS, there are emerging examples of mislocalized wild-type FUS contributing to additional neurodegenerative diseases, including juvenile ALS, 121 basophilic inclusion body disease, 122 and almost all of the remaining TDP-43-negative FTLD-U cases (now called FTLD-FUS 123 ). Moreover, FUS aggregates have been reported in several polyglutamine disorders, including Huntington disease and the spinocerebellar ataxias. 124, 125 Because both WT and mutant FUS likely play prominent roles in neurodegeneration, it will be important to define the mechanisms of FUS aggregation.
To address these deficits, and given our recent results modeling disease relevant aspects of TDP-43 aggregation in yeast, we next sought to determine sequence RNAs and RNA-binding proteins, including translation initiation factors and the polyA-binding protein (PABP-1). They are sites where cells sequester mRNAs, during situations of stress, to inhibit translation initiation. 141 In the plasmid overexpression screen, we identified two translation initiation factors (Tif2 and Tif3) and Pab1, the yeast homolog of human PABP-1, and a protein involved in stress granule assembly in yeast, as suppressors of FUS toxicity. In the deletion screen, we identified deletions of Pub1 (TIAL1 in human) and Lsm7 (LSM7 in human), components of stress granules and P-bodies, respectively, as potent suppressors of FUS toxicity. These findings support the emerging role of stress granule pathways in ALS, but also provide an important extension, strongly suggesting that, rather than simply being markers of FUS-positive inclusions in disease, perhaps stress granule components also play an important role in mediating FUS toxicity. Therefore, approaches aimed at manipulating stress granule assembly might be a novel avenue for therapeutic intervention.
TDP-43 and FUS: The Tip of an Iceberg?
The identification of key roles for TDP-43 and FUS in ALS is beginning to change our picture of the genetic landscape of the disease. 126 Both of these are aggregationprone RNA-binding proteins, both harbor prion-like domains, and both can be mutated in ALS, raising the intriguing possibility that they might sit at the tip of an iceberg for RNA-binding proteins in ALS. Could additional RNA-binding proteins, with properties similar to those of TDP-43 and FUS also contribute to the disease? Our bioinformatics analysis used to identify prion-like domains in TDP-43 and FUS 4 also revealed clear prionlike domains in several other human RNA-binding proteins (Gitler AD and Shorter J, unpublished) . Might these prion-like domain containing RNAbinding proteins also be poised to contribute to ALS? For FUS and TDP-43, certain ALS-linked mutations seem to have more severe effects on the protein and result in more severe clinical phenotypes than others. 113 Therefore, it is possible that certain TDP-43 toxicity 74 (Gitler AD, unpublished observations), only two affected FUS, strongly suggesting that despite being similar proteins, the mechanisms by which FUS and TDP-43 contribute to disease are likely very different.
In addition to the yeast plasmid overexpression screen, we also performed a deletion screen. We used synthetic genetic array (SGA) analysis 130, 131 to introduce a FUS expression plasmid into each non-essential yeast deletion strain by mating. We identified some yeast deletions that enhanced FUS toxicity and others that suppressed toxicity. 77 Again, there was very little overlap between the genetic modifiers of TDP-43 and FUS toxicity. We indentified 36 deletions that suppressed FUS toxicity and 24 that enhanced toxicity. Deletions of yeast genes involved in RNA metabolic processes, ribosome biogenesis and cellular stress responses were enriched as hits and many of these had human homologs. This, together with our other in vitro and in vivo experiments, strongly suggest that the mechanisms underpinning FUS and TDP-43 toxicity are not as similar as everyone has presumed. A critical test of this hypothesis will come from a comprehensive comparison of the RNAs regulated by TDP-43 and FUS. The specific RNA targets of TDP-43 are beginning to be defined, [132] [133] [134] [135] using genome-wide approaches and similar strategies to define FUS targets are also underway. These studies, along with the development of new animal models to study FUS, 136, 137 will help clarify the similarities and differences of TDP-43 and FUS-regulated pathways in disease pathogenesis.
The FUS About Stress Granules and ALS
Several of the yeast genes that modified FUS toxicity contained human homologs, suggesting that perhaps pathways involved in FUS toxicity in yeast could be conserved to man. Interestingly, FUS has recently been shown to co-localize with stress granules in transfected cells and cytoplasmic FUS-positive inclusions in ALS and FTLD-U patients contain stress granule markers. 87, 113, [138] [139] [140] Stress granules and processing bodies (P-bodies) are transient cytoplasmic structures containing Q331K and M337V) increase TDP-43 aggregation in vitro and in yeast cells and are more toxic than WT TDP-43 in yeast cells and in Drosophila. 73, 74 We next used the yeast model to test the effects of ALSlinked mutations on FUS aggregation and toxicity. We found that C-terminal, ALSlinked FUS mutations do not promote FUS aggregation in yeast or in our in vitro aggregation assay. 77 Given the recent evidence demonstrating that some ALSlinked mutations can disrupt FUS nuclear localization, 87, 113 these C-terminal ALSlinked FUS mutations likely promote pathological events that are upstream of aggregation and toxicity. 129 Thus, even though FUS and TDP-43 are related RNA-binding proteins, the mechanisms by which ALS-linked mutations contribute to disease might be different for each protein.
Yeast Genetic Screens Identify Modifiers of FUS Toxicity
Given the recent successes in identifying new genes and pathways with direct relevance to human ALS by performing genetic modifier screens with the yeast TDP-43 model, 74 we next sought to perform similar screens to investigate FUS toxicity. We also reasoned that if the types of hits that modified FUS toxicity were different from those that affected TDP-43 toxicity, it would suggest that the proteins contribute to pathogenesis by distinct mechanism. Conversely, similar modifier genes would suggest similar pathogenic mechanisms. We performed two unbiased yeast genetic modifier screens to identify genes that could enhance or suppress FUS toxicity.
First, we performed a plasmid overexpression screen. We identified 24 genes that suppressed and 10 genes that enhanced FUS toxicity when overexpressed. The largest functional class enriched in the screen included RNAbinding proteins and proteins involved in RNA metabolism, emphasizing the role of RNA metabolic pathways in FUS pathogenesis. The human homologs of several suppressors isolated in our yeast screen buffered against FUS toxicity in mammalian cell culture.
74 Surprisingly, out of the 41 yeast genes that we found modify exceptionally deleterious mutations on their own (e.g., FUS P525L 113 ) could be sufficient to cause disease, whereas other variants might be weaker and require additional hits to cause disease. 129, 142 These additional hits might involve environmental factors (stress, injury, environmental exposure, etc.,) or perhaps even genetic lesions in additional aggregation-prone RNA-binding proteins. In the future, next generation sequencing technologies will be routine, allowing for the elucidation of all of the genetic contributors to neurodegenerative diseases like ALS. Meanwhile, this concept of multiple aggregation prone RNA-binding proteins contributing to disease, on their own, via interactions with each other, or through interactions with the environment, will hopefully provide a conceptual framework for testing hypotheses about the role of RNA-binding proteins in pathogenesis.
